Intense Heavy lon Beams for Research
Into Extreme State of Matter




EXTREME STATES OF MATTER |

98% of L -
VISIBLE. 4
MATTER &

SUPERNOVA
XPLOSION

i '
Y .
7 4
™ .¢'f ¥
.‘f . ‘J /l.l
§ A

s
P

o~

.« ® - ‘
*a ‘ .
; Ea v - b z*
PSPy Siie = =io = / . - . ' <
(e ¥ e S 2 ~ g 4
i

s _"' . v
gdayswe understand all the

physical processes in the
ANPlniverse, except extreme
&4 ones.”
‘ SeHawking, A Briefer History ofgliiine




HED - ESM

Astrophysics
* Planetary physics
 |C Fusion
* MHD, FC Generators
* Plasma processing
* Microelectronics Tech.
* Metals, semiconductors
 Beam-matter interactions
* Hypervelocity impact
 Electrical, high explosion
* etc.




The collective interaction of the matter with itself, particle beams,
and radiation fields is arich, expanding field of physics called high
energy density physics. It is a field characterized by
extreme states of matter previously unattainable

In laboratory experiments
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PHASE DIAGRAM OF MATTE
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HEDP is defined as an energy density of 10° J/cm?
that is equivalent to a pressure of 1 Mbar*

High Energy Density
matter is interesting
because it occurs
frequently in Nature

- Hot Dense Matter (HDM) occurs
IN:
— Supernova, stellar interiors, accretion
disks

— Plasma devices: laser produced
plasmas,

Z-pinches, i-beams
— Directly driven inertial fusion plasma

« Warm Dense Matter (WDM)
occurs in:

— Cores of large planets

— Systems that start solid and end as a
plasma

— X-ray driven inertial fusion implosion
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ASTROPHYSICAL APPLICATIONS
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PHASE STATES OF MATTER

NONNEUTRAL PLASMA

CRISTALLINE BEAMS

R RSP P A

* Quark-gluon plasma  Co——

o - any PR S

=N/z-m (& -1/97)

rise
temperature,
‘ | disorder,
+ Gas < entropy

DUSTY PLASMA CRYSTAL

« Liquid ﬂ
h plasma ﬁ

- . DR
Z I Fperiment

_3; .65
-/ J=Crystal

(N TERTRN TR TR TR TAS TR T

) 4
Densify n, cm




Compress matter to form new states
A* PLASM

ATOM e N gl = | A -
S niS 2% e gl Sun
B SEE >y o Y gty ‘
N/ S N A 0~ O y W
- S Qg SYIN %
el .~ S SRSy e

.""q-l-'\‘ 'r
l""llq. = ‘; A S R P> t\ Jubit
S SeaY g‘%‘;«f‘&!’ €%/3 4 S upiter
SPN B e 5N

NUCLEI

NUCLEAR MATTER

; SR %
4 b & » <
; i -_ g
e T - V.
L ey 7 e S
"
Z
s &
L

: '\?‘ D)% A
ey g = w 3% ;g NEUTRON
sl p ~ 2.5x10% g/cm3 2 STARS
P ~ 10% Mbar .‘,q‘)‘. '5‘
By -~ ‘3 o

S

e

HADRONS

PROTON




Metals
Dielectrics

MMI N-Nw

=M P|aSm\aV\




# Coylomb interaction
WC ~ ZZeZn1/3

# Statistics:

Nonideality boundary:

< UCouI >=< EKin >

nAs~ 1

A

e

¢

Wth

= h2n23/2m

log T[K]

9

Ideales klassisches

Plasma

# strong coupling, If " —

. |S. Atmosphd\'e’

E-h.puasmA
ps

\ /
12 14 16 13 20 / 22

Pressure dissociation and Plasm?- Ph
ionization, Mott effect Transition!

log

Se

2e2 1/3
" o

|.e cristals



Recent advances in extending the energy, power and brightness of lasers,
particle beams, and Z-pinch generators make it possible to create matter
with extremely high energy density in the laboratory
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MAXIMUM PRESSURES IN THE
“LABORATORY”
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MATTER «SIMPLIFICATION» AT HIGH PRESSURI
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Hydrogen
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Intense beams of energetic heavy ions are an excellent
tool to create and investigate extreme states of matter
In reproducible experimental conditions
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Intense Heavy lon Beams

large volume of sample (N mm3)
fairly uniform physical conditions
high entropy @ high densities
extended life time

HIl : high entropy states of matter - without shocks !




ITEP Solutions

° CERN - High Current Laser lon Source
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Plasma lens focusing — at GSI

B =20 jr
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ceramic tube
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Advantages of plasma lens :

- focusing area has symmetric first order focusing;

- thereis no limit for the magnitude of the magnetic field connected
with saturation;

- charge neutralization of ion beam into the plasmalens ;

- beam rigidity decreases by the reason of the stripping of electrons focal beam spots
from not fully ionized ions;

Disadvantages:

- aplasma lens system doesn’t have necessary stability in contrast
to a quadrupole magnetic systems;

- very strong electromagnetic noise and inducing .
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Beam Focusing by Plasma Lens ITEP
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Plasma lens - Hollow beam

Beam
Radius 4 mm 8 mm 10 mm 15 mm

0.2m 0.3m 0.35m 0.45m
Distance from the end of the discharge tube to scintillator =l

Plasma lens parameters:

| . = 130KkA, P, = 6.8 mbar

max



Relativistic Nuclear Physics

Studies of hadronic matter at high densities
Motivation for NN collisions at 2-40 AGeV
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Dalativia NNnecaoa
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Jranium GSI FAIR

beam
Eo 400 MeV/u 0.4 - 2.7 GeV/u
N 4-10° 2.10% x500
Eb 0.06 kJ 76 kJ

eam
T 130 ns 50 ns
Pbeam 0.5 GW 1.5TW x3000
Sf ~1 mm ~1 mm

Lead target

Es 1 kJ/g 600 kJ/g x600
P 5 GWI/g 12 TW/g x 2400
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Proposed HEDgeHOB experiments

HIHEX: Heavy lon Heating and Expansion

LAPLAS: Laboratory Planetary Sciences

WDM: Warm Dense Matter




HHT Experimental Setup

Xe Flash/Laser

Fiber Lines

e

Light Collection System

Sepctral analyzer

Sample

Fast Current Transformers (FCT)

Fast Gated CCD
(DICAM)

Fast Gated CCD
(DICAM)

Streak Camera

Interferometer
(VISAR)




Wobbler development for experiments at ITEP and
LAPLAS (Laboratory Planetary Sciences) FAIR project

* hollow (ring-shaped) beam heats a heavy tamper shell
« cylindrical implosion and low-entropy compression of the sample
1 Mbar pressures @ moderate temperatures
interior of Jupiter and Saturn, hydrogen metallization

An intense ion beam can be used very efficiently to achieve low-entropy compression of a sample material like
hydrogen or ice that is enclosed in a heavy cylindrical tamper shell. Such a target will be driven by a hollow
beam with a ring shaped (annular) focal spot. In this experiment it will be possible to achieve physical conditions
that exist in the interior of giant planets, Jupiter and Saturn. Another goal of the LAPLAS experiment will be to
study the problem of hydrogen metallization.



Implosion asymmetries induced by a rotating ion beam

Cylindrical implosions with high radial convergence require high degree of azimuthally uniformity of the beam
irradiation, especially when a cold pusher is used to compress the sample material in the central cavity. To ensure
the required symmetry of beam irradiation, it was proposed to rotate the ion beam around the cylindrical target
axis by means of a corresponding beam wobbler. An idea is to deflect the parallel beam by RF electric field in
both transverse directions and then to focus it to the small rotating spot, illuminating the ring-shaped area on the

'\t/largrt]%t. _ . haped luminat Principle of multi-cell RF deflector |
echanism of ring-shaped area illumination on
D | Deflectingcell beam
A | A I A
v I v I
+ — + - +

In order to keep the resonant interaction of the beam with the electric
field, every cell must be as long as BA/2, where B is the normalized
beam velocity and A is the rf wavelength. When this condition is

Example of deflecting cavity parameters
for 700MeV/u Co+25 beam TWAC-ITEP facility

satisfied, particle crosses all the cell centers at the same phase,

Operating frequency MHz 300 regularly increasing the transverse momentum dependently on the
Number of cells 4 phase value

Aperture diameter mm 100

Cavity diameter mm 344

Cavity length mm 1656

Plate-plate RF voltage MV ! Two resonant multi-cell deflecting rf cavities are proposed to
Quiality factor 1400 obtain the necessary beam deflection in both directions.
arimum (peacpower [ W15 | Retetion reduency o 00 iz = the minimum possile vale



P6.1&6.2: Ion optical design of the LAPLAS beam
line: focusing and rf beam deflector (wobbler)

Layout of the LAPLAS beam line

0 ? t‘i |6 Q 1|0 1|2 14 1|6 1|8 2|0 2|2 2|4 %6

Design of rf beam deflector (wobbler)




Heavy Ion driven
Inertial Fusion Energy

high efficiency 1: Ton source
high repetition rate

2: Low energy Beam Transpt
3,4: Beam Intensity




Fusion — Fission - Fusion

10 MJ Heavy lon Driver ->
directly driven cylindrical
target

Cylindrical implosion of DT fuel

f |J238
-> DT-neutrons generation

DT-neutrons -> fission of U23s DT

pusher material

Better confinement, additional
compression of DT \ _
10 MJ ion beam

Burn fraction & energy gain Rotation ~1 GHz

enhancement



OHepreTnyeckas ycTaHOBKa, COYeTalolen npoueccbl CUHTE3a u
AelleHNs1 Ha OCHOBe MUKpPOMMULLUEHEN NPAMOro AeUCTBUSA U MOLLHOIO

TAXXENMOUOHHOro apanBepa

(UTOD um.A.N.AnuxaHoesa, UM um.M.B.Kendbiwa)
Anekcees H.H., backo M.M., onronesa I'.B., »Kykos B.T., 3abpoavH A.B., 3abpoanHa E.A., mweHHuK B.C.,
Kowkapes [.I"., MacneHHukos M.B., Oprnos t0.H., Cy66oTtuH B.U., Yypasos M.A., lWapkos b.1O
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WDM Experimental Area on ITEP-TWAC Facility
Developed and constructed at Eresen’r time in ITEP project of the TeraWatt
ACcelerator complex (TWAC) has unique possibility o accelerate and accumulate
infense proton and heavy ion beams in energy regime of the hundred of the MeV/u
[Alexeev N.N., Koshkarev D.G., Sharkov B.Yu., First start-up of the ITEP-TWAC
accelerator, ZhTPh Lett., vol.6, 2002.].

For carrying out experiments on the Warm Dense Matter (WDM) research program and
for investigations in a field of the radiation and medical physics was designed and

assembled ion-transport channel with exacting requirements on the vacuum and on the
transporting ion beam quality.
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“Terra Incognita” regions of the phase diagram
accessible in HEDgeHOB experiments at FAIR
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D.H.H. Hoffmann, V.E. Fortov et al. Phys. Plasmas 9 (2002) 3651.



Low entropy compression
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Target Parameters Beam Parameters

r =0.4mm 2.7 GeV/u Uranium
d 12 4 - Fluid H, + He
I'1 = 0.6 mm N =0.2-1.5x10 o 9 Phase transition region?
r =2.1mm T =20ns ] Fluid metallic H + He
2 ] 5 Phase separation of H - He?
_ He rain drops?
r.= 3.5 mm Eb_ 21-155kJ j Convection zone?
0 . . B-field generation?
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p _ 1 _2 g/CII]3 P = 2 — 10 Mbar —— Possible core of iron/r.cTcl::(?]

T=02-06¢eV



Various design of Hohlraum targets

Laser beam

Type of Asterix target as x-ray source for Hohlraum target (GSI
proposal)

laser
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Numerical simulations: Y.Belyakov et al., Sarov
Maruhn, Frankfurt
Basko, Moscow Basko

target




Results of 2D calculations (O. Vinokurov) for Phelix conditions
(Ejaser~1 kJ, dt~ 1 ns, p~0.02 g/cm?3)
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Indirect target design for investigation of ion stopping in plasma targets
(V. Vatulin, VNIIEF,1999)

In order to get clear experimental evidence of temperature effect on ion stopping in
dense plasma, it is desirable that the target density is uniform and pdl target
conserved going from cold to plasma target. It is also very important to determine

plasma parameters accurately.
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X-rays generated by Phelix laser heat the main volume of the target.



Dynamic confinement of targets heated
guasi-isochorically with heavy ion beams

A. Kozyreval, M. Basko?, F. Rosmej3, T. Schlegel?,
A. Tauschwitz® and D.H.H. Hoffmannt:3
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Target: Solid (cryogenic) hydrogen
For isochoric heating in at € = 130 kJ/g — T = 0.64 eV (Warm Dense Matter regime)



dyHOaMeHTanbHbIE UCCNeaoBaHNS MUPOBOIO YPOBHS
KBapK-FJ'II-OOHHaFI njia3mMma, CTpPYKTypa “SJ'IeMeHTaprIX” HacTtumu, «HesBblnetanne LuBeTa»

Interaction field inside a Hadron

PacueTtbl Ha Poccunckux cynepkomnsrepax MBC1000 u
MBC15000, 10 Tepadnon*ner



Extreme State of Matter for FAAE (Rosatom)

/lce crystals
Mission : Fluid H, + He

Phase transition region?

4 ‘ : Fluid metallic H + He
to make AE more safe, . I Phase separation of H - He?
: . He rain drops?
Convection zone?
B-field generation?

economically advantageous, S o

Possible core of iron/rock?

C. ). Hamilton

environmentally friendly Matter in Universe: planetary and
stellar structure

¢ Atomic
{ energy

Stockpile stewardship

“We have to know at least ten times more in basic physics than it’s

pragmatically necessary to resolve technical problems”.
acad. Y.Khariton



The Compressed Baryonic Matter Experiment
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Mass Modification in Medium _

The nuclear reaction experiments at the future facility at 6SI

ITEP,IHEP,JINR...

Streched HADES

A+A at 8-40 AGeV

A+A at 2-8 AGeV

At 107 interactions per second!!



Basis for technology break-through

Matter: 10°Tm

Materials under radiation o
Crystal: 10”m
Nano-technology

HED, Atomic Physics

~ 10 MeV

Nucleon: 10-1°m

’ E-M Plasma *

~1GeV ,
Nucler Energy, J
c A CTpykTypa agpa MFE, ICF

*  MCTOUHWKM SHEPrUW Ha HOBbIX (OUINYECKNX
npuHUMNax

*  [ertexTvpyiowan annaparypa UOHUSUPYIOWMX
W3NY4YeHWUVi HOBOIO NOKONEHUA

*  TexHonormym Ha HOBbIX (OUIUIECKUX NPUHUMNAX Y

-
Q-G Plasma Y
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Power Plant Design and Accelerator
Technology for Heavy Ion Inertial

Fusion Energy Nucl. Fus. 45 (2005) 5291-
5297



